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Abstract 
This paper presents the experimental and numerical studies of geocell-reinforced subballast subjected to 
cyclic loading. A series of laboratory experiments were conducted using a large-scale prismoidal triaxial 
apparatus that was subjected to relatively low confining pressures of σ'3 = 10-30 kPa and a frequency of f 
= 10 Hz. Numerical simulations were performed using the commercial finite element package ABAQUS in 
three dimensions to realistically model cellular confinement, and to study the effectiveness of geocell 
reinforcement on subballast. A cyclic loading with a periodic and positive full-sine waveform was adopted 
to model the geocell-reinforced subballast, which is similar to the load carried out in the laboratory. The 
results of numerical modelling agreed well with the experimental data, and showed that geocell could 
effectively decrease the lateral and axial deformations of the reinforced subballast. The numerical model 
was also validated by the field data, and the results were found to be in good agreement, indicating that 
the proposed model was able to capture the load-deformation behaviour of geocell-reinforced subballast 
under cyclic loading. A parametric study was also carried out to evaluate the effect of the subballast 
strength and geocell stiffness on the mobilized tensile strength in the geocell mattress. It was found that 
the maximum mobilized tensile stress occurs on the subballast with the lowest degree of stiffness. Also 
the results revealed that lateral displacement decreased further by increasing geocell stiffness, and 
geocell with a relatively low stiffness performs very well compared to the geocell with a higher stiffness. 
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ABSTRACT: This paper presents the experimental and numerical studies of geocell-53 
reinforced subballast subjected to cyclic loading. A series of laboratory experiments were 54 
conducted using a large-scale prismoidal triaxial apparatus that was subjected to relatively 55 
low confining pressures of 3σ ′ = 10−30 kPa and a frequency of f = 10 Hz. Numerical 56 
simulations were performed using the commercial finite element package ABAQUS in three 57 
dimensions to realistically model cellular confinement, and to study the effectiveness of 58 
geocell reinforcement on subballast. A cyclic loading with a periodic and positive full-sine 59 
waveform was adopted to model the geocell-reinforced subballast, which is similar to the 60 
load carried out in the laboratory. The results of numerical modelling agreed well with the 61 
experimental data, and showed that geocell could effectively decrease the lateral and axial 62 
deformations of the reinforced subballast. The numerical model was also validated by the 63 
field data, and the results were found to be in good agreement, indicating that the proposed 64 
model was able to capture the load-deformation behaviour of geocell-reinforced subballast 65 
under cyclic loading. A parametric study was also carried out to evaluate the effect of the 66 
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subballast strength and geocell stiffness on the mobilized tensile strength in the geocell 67 
mattress. It was found that the maximum mobilized tensile stress occurs on the subballast 68 
with the lowest degree of stiffness. Also the results revealed that lateral displacement 69 
decreased further by increasing geocell stiffness, and geocell with a relatively low stiffness 70 
performs very well compared to the geocell with a higher stiffness. 71 
 72 
KEYWORDS: Geosynthetics, Geocell reinforcement, subballast, cyclic loading, plane 73 
strain, numerical modelling  74 
 75 
1. Introduction: 76 
Railway networks are one of the major transport systems used for carrying passengers, and 77 
transporting freight and bulk commodities between major mines and ports in many countries 78 
worldwide. Considering an acceptable ride quality, relatively low cost, and growing demand 79 
from industry and commuters, railways have become more popular than other modes of 80 
transportation. Nevertheless, the sustainable development of rail infrastructure requires a 81 
significant amount of cost associated with track maintenance and rehabilitation of track 82 
substructure (Indraratna et al. 2013). However, to compete with other transportation modes 83 
and meet the ever growing demand for public and freight transport, the railway industry will 84 
face challenges to improve the track operational efficiency and decrease maintenance and 85 
infrastructure costs. The foundation of a conventional ballasted track consists of granular 86 
material layers that help to transmit and distribute the induced cyclic load to the underlying 87 
subgrade at an acceptable or controlled stress level (Suiker et al. 2005; Selig and Waters 88 
1994). To date, reinforcing track substructure using a planar reinforcement is commonly 89 
deployed as it has been proven to reduce the axial and lateral deformation of ballast and 90 
subballast layers, and to improve the stability of track substructure under cyclic train loading 91 
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(Ngo et al. 2014; Indraratna et al. 2011; Kwon and Tutumluer 2009; Atalar et al. 2001). Past 92 
studies have shown that cellular reinforcement can provide much better lateral confinement to 93 
infill granular soils than planar reinforcements (Indraratna et al. 2015, Hegde and Sitharam 94 
2015, Huang et al. 2011, Han et al. 2011). The performance of geocell mattress in stabilizing 95 
different types of infill soils subjected to monotonic loading has been investigated in several 96 
studies (Biabani and Indraratna 2015; Wang et al. 2013; Tafreshi et al. 2012; Yang et al. 97 
2010; Pokharel et al. 2010; Saride et al. 2009). A summary of research outcomes of selected 98 
past studies is given in Table 1. In addition, there are a few studies available, which have 99 
investigated the performance of granular material in plane-strain condition (Radampola et al. 100 
2008; Wanatowski et al. 2008; Radampola 2006; Peters et al. 1988). However, understanding 101 
the performance of geocell reinforcement under cyclic loading is the key requirement, which 102 
is needed for its design and application in ballasted rail tracks.  103 
 104 
The development of a numerical model is inevitable in order to establish proper design 105 
guidelines based on safety and economic considerations. Considering the computational 106 
effects involved, a two-dimensional (2D) model often become more popular than a three-107 
dimensional (3D) model for plane strain conditions (Hedge and Sitharam 2013; Mehdipour et 108 
al. 2013; Yu and Sloan 1997). An equivalent composite approach has often been used to 109 
model geocell-reinforced soil in a 2D environment by modelling the reinforced soil as a new 110 
layer with improved strength and stiffness (Hegde and Sitharam 2013; Latha and Somwanshi 111 
2009; Bathurst and Knight 1998). However, a 2D model cannot accurately capture the 112 
additional confinement developed through circumferential strains due to the complex shape 113 
of the geocell mattress (with its honeycomb like structure). Very limited number of studies 114 
have been investigated the performance of geocell-reinforced soil in a 3-dimensional 115 
framework under monotonic loading (Hegde and Sitharam, 2014). Also, to the authors 116 
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knowledge, there has only been limited research carried out on the effect of geocell mattress 117 
on railway substructure, where the benefits of geocell subjected to cyclic loading has not 118 
been studied in details either in laboratory or numerical modelling (Leshchinsky and Ling 119 
2013a; Wang et al. 2013; Mehdipour et al. 2013; Tavakoli Mehrjardi et al. 2012; Choudhury 120 
2009). The development of a numerical model that has been calibrated accurately by 121 
laboratory and field measurements is thereby inevitable to understand the performance of 122 
geocell-reinforced subballast and to propose a proper design guideline for ballasted rail track, 123 
while considering the confinement effect of the geocell. An attempt was made in this study to 124 
carry out large-scale cubical tests of geocell-reinforced subballast and to develop a 3D 125 
numerical model to simulate the composite system, and capture the actual geometry of 126 
geocell pockets and its additional confinement to the subballast. 127 
 128 
2. Experimental study 129 
In order to obtain a more realistic understanding of subballast under cyclic loading, 130 
experimental work was conducted to mimic the true field conditions, where the intermediate 131 
stress differs from the minor principal stress ( 2σ ′ ≠ 3σ ′ ). As a result, the large-scale prismoidal 132 
triaxial apparatus (800 mm long, 600 mm wide and 600 mm high) was designed and built at 133 
the University of Wollongong (Fig.1), and it was used to investigate the stress-strain 134 
behaviour of the unreinforced and geocell-reinforced subballast subjected to cyclic loading 135 
(Indraratna et al. 2015). The area of the test specimen in the prismoidal triaxial chamber was 136 
selected based on Australian standard gauge for heavy haul track.  Therefore, in the direction 137 
perpendicular to sleepers (tie), 400 mm symmetrically on each side of one rail (i.e. 800 mm) 138 
was taken, and this is equal to 1/3 of the total sleeper length (l) of 2400 mm (also termed as 139 
effective sleeper length byJeffs and Tew 1991); and (ii) in the direction parallel to sleeper 140 
(tie), a distance equalling the sleeper spacing of 600 mm was considered (Fig. 2a). This 141 
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explains the plan area of 800mm × 600mm of the test specimen. The subballast material had 142 
a total depth of 450 mm, of which the upper 150mm was stabilised by geocell. The material 143 
for subballast used in this study was a locally available crushed basalt, collected from a 144 
quarry near Wollongong (NSW, Australia). The particle size distribution adopted for the 145 
subballast was within the rail industry specified range (D50 = 3.3 mm, Dmax = 19 mm, Dmin = 146 
0.075 mm, Cu = 16.3, Cc = 1.3, dγ = 19 kN/m
3). A predetermined mass of subballast was 147 
placed inside the cubical box in several layers and compacted in dry conditions using a 148 
vibratory hammer to achieve a relative density (DR) of about 77%, which is representative of 149 
the density of subballast in the field (γbulk=20.5 kN/m3). A geocell mattress was placed onto 150 
the surface of the subballast. All the specimens were prepared until the layer of subballast 151 
reached a final height of 450 mm. A geocell mattress made from polyethylene materials, that 152 
was connected at the joints to create a three-dimensional cellular form (i.e. depth = 150 mm, 153 
ultimate tensile strength = 9.5 kN/m (ASTM D4885), thickness = 1.3 mm, density = 950 154 
kg/m3) was used. 155 
 156 
The experiments were conducted under plane strain condition, where any lateral movement in 157 
the longitudinal direction (parallel to the track) was restricted ( 2ε = 0). The walls were 158 
allowed to move laterally in the direction parallel to the sleeper (or tie) ( 3ε ≠ 0), to simulate a 159 
long straight section of track. The laboratory tests were conducted in a stress-controlled 160 
manner, where the magnitudes of the cyclic stresses were computed based on 30 tons/axle 161 
load (Jeffs and Tew 1991, Atalar et al. 2001). To examine the effects confining pressure on 162 
the behaviour of subballast, cyclic drained triaxial tests were conducted at confining 163 
pressures ( 3σ ′ ) of 5, 10, 15, 20, 30 kPa and frequencies (f) of 10, 20, and 30 Hz. During the 164 
laboratory experiment, the lateral movement of the vertical walls in the direction of the 165 
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intermediate principle stress ( 2σ ′ ) was prevented by locking the castors (i.e. 2ε  = 0), while 166 
the vertical walls in the orthogonal (i.e. transverse) direction of minor principle stress ( 3σ ′  ) 167 
were allowed to move laterally. Initially, a monotonic strain-controlled load was applied to 168 
the specimen at a rate of 1 mm/min until a mean level of cyclic deviator stress was attained. 169 
Subsequently, a stress controlled cyclic loading using a positive full-sine waveform was 170 
applied to the specimens where a maximum and minimum stress of qmax = 166 kPa and qmin = 171 
41 kPa was used to simulate subballast under a heavy haul freight network operating in NSW 172 
(Indraratna et al. 2015). 173 
The laboratory outcomes revealed that confining pressure and frequency have a significant 174 
impact on the behaviour of the granular material under cyclic loading. The laboratory results 175 
confirmed that under cyclic loading, geocell mattress can offer additional confinement ( 3σ ′∆ ) 176 
to the infill material (i.e. other than the confining pressure available from sleepers and 177 
shoulder ballast), and help to decrease the axial and lateral deformations (Indraratna et al.  178 
2015). Also it is noted that due to cyclic loading, the magnitude of 3σ ′∆  would be increase as 179 
the number of load cycle increases and when the densely compacted infill material dilates and 180 
thereby increases the magnitude of hoop stress. A summary of the key aspects of 181 
experimental outcomes can be brieftly summarised as: (i) the mobilised hoop stress of the 182 
geocell pockets is generated as a result of the dilation of the infilled soil during shearing; and 183 
(ii) the magnitude of hoop stress varies with the geocell modulus. 184 
 185 
3. Finite element analysis 186 
Model tests were simulated in the finite element method (FEM) where the material properties 187 
obtained from laboratory tests and model geometry followed the cubical apparatus carried out 188 
in the laboratory (800 mm × 600 mm × 450 mm), as illustrated in Figs. 2(a & b). The size of 189 
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the specimen represents the effective sleeper length (le = 800 mm) and distance between two 190 
adjacent sleepers (tie in North America) (b = 600mm) with a depth of h = 450 mm 191 
(Indraratna et al. 2015; Jeffs and Tew 1991). A cyclic loading stress, caused by a train and 192 
exerted beneath the ballast, was applied directly onto the subballast layer, where the loading 193 
characteristics were similar to those used in the laboratory. As result, no ballast or sleeper 194 
(tie) was considered in this simulation. In the current analysis, a subballast layer was 195 
modelled with a depth of 450 mm to represent variations in the subballast height as measured 196 
in the field. One of the limitations of the prismoidal test chamber is that it may not be deep 197 
enough to represent the actual subgrade depth in the field, and therefore, the actual measured 198 
strains in the prismoidal test chamber with 450mm depth may not be truly representative of 199 
the field conditions except where the subgrade is rock or very stiff and dense gravel. 200 
 201 
3.1. Material properties 202 
An elasto-plastic material with non-associative behaviour was used to model the subballast. 203 
To capture the elasto-plastic behaviour of subballast, the Drucker-Prager yield criterion was 204 
adopted in this analysis. The shear strength parameters (i.e., ϕ, ψ) could be obtained using 205 
appropriate triaxial equipment (Indraratna et al. 2015; Bolton 1986). A linear elastic-perfectly 206 
plastic material was used to model the geocell mattress. The elastic properties of the geocell 207 
strips were determined in the laboratory and then incorporated into a finite element model in 208 
ABAQUS. A hexagonal shape was used to model the geometry of the geocell pockets, as it is 209 
similar to the actual curvature of the geocell mattress used in the laboratory. Since, subballast 210 
is never clean or perfectly granular, as it is always contaminated with small amount of 211 
cohesive clay. The actual measured cohesion values from large-scale triaxial tests (depending 212 
upon the extent of clay fouling) can sometimes exceed 5 kPa as shown by Tennekoon (2012). 213 
Accordingly, a small value of cohesion (2 kPa) was used in the simulations to improve 214 
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numerical stability and to ensure that the model converged in a reasonable computation time 215 
while not critically affecting the results. A summary of the material properties used in the 216 
analysis is provided in Table 2. Considering the extensive computation time required to run a 217 
model under cyclic loading, the simulations were carried out up to 10,000 cycles, where most 218 
of the subballast deformation had already occurred, as seen in the laboratory. 219 
 220 
3.2. Boundary conditions 221 
To simulate field track conditions, lateral displacement in the direction of the intermediate 222 
principal stress 2σ ′  (i.e. parallel to the tracks) was constrained ( 2ε = 0). Meanwhile, the 223 
model was allowed to move in the direction of the major principal stress 1σ ′ (i.e. vertical 224 
settlement) and the minor principal stresses 3σ ′ (i.e. parallel to the sleepers) ( 1ε , 3ε ≠ 0). The 225 
base of the model was restricted to any displacement, as shown in Fig. 3(a). To obtain an 226 
optimum size mesh for the model, a sensitivity analysis of mesh density was carried out for a 227 
model with a varying number of elements. Vertical settlements of the geocell-reinforced 228 
subballast obtained from the models with different numbers of elements were compared at a 229 
load cycle of N = 1000 (Fig. 3b). The results showed that by increasing the number of 230 
elements, the vertical settlement (SV) increases, and when the number of elements is beyond 231 
9,000, the increment in vertical settlement can be negligible. Based on this preliminary 232 
finding, a FE model with 9380 elements with 12624 nodes (ABAQUS) was selected to 233 
simulate the geocell-reinforced subballast. The type of elements chosen were C3D8R (i. e. 234 
eight-node reduced integration element). The interaction between subballast and geocell 235 
strips was modelled with contact elements, including the hard normal contact as used by 236 
Leshchinsky and Ling (2013a). Given the highly random nature of particle orientations 237 
within the subballast assembly, it was assumed that the angle of shearing resistance between 238 
the aggregates and geocell mattress was isotropic, considering that the membrane texture is 239 
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usually uniform. In the numerical simulation, the contact between the infilled granular soil 240 
and geocell wall was modelled as an interface element with a fixed angle of shearing 241 
resistance. The interface friction angle (ϕ = 39°) between the infill and cell wall was 242 
determined in the laboratory using large-scale direct shear tests. The direct shear tests were 243 
conducted at relatively low normal stress that varied from 1 to 45 kPa. As a result, the 244 
interface contact for both horizontal and vertical direction was modelled by assuming 2/3 of 245 
the interface friction angle (ϕ = 39°). 246 
 247 
3.3. Loading conditions 248 
In order to have uniform deformation, initially a constant confining pressure ( 3σ ′ ) was 249 
applied to the unit cell prior to cyclic loading to simulate mean pressure due to the geostatic 250 
stresses inherent in a railway track. Two loading stages were used to simulate the cyclic 251 
loading as conducted in the laboratory. A static load with a magnitude of meanσ = 104 kPa was 252 
applied to the top of the specimen in the strain-controlled model. The maximum stress in the 253 
cyclic loading pattern was chosen to provide the most possible critical stress that could be 254 
applied to the subballast as measured by Indraratna et al (2015), which the details are given in 255 
the Appendix. After completing the static loading, a cyclic load was superimposed onto the 256 
monotonic loading at different confining pressures, as shown in Fig. 4. During the application 257 
of cyclic load, each load cycle was returned to a fully unloaded stage to represent a passing 258 
train wheel, where a periodic and positive full sine waveform was considered. The cyclic load 259 
was performed in a stress controlled mode with a frequency of f = 10 Hz, where the 260 
maximum and minimum load amplitudes were 166 kPa and 41 kPa, respectively (Fig. 4) 261 
(Indraratna et al. 2015; Jeffs and Tew 1991). Numerical simulation were carried out at 262 
relatively low confining pressures (5 kPa ≤ 3σ ′ ≤ 30 kPa) to simulate the typical small 263 




4. Results and Discussions 266 
4.1. Vertical settlement 267 
Figs. 5(a & b) show the vertical settlement contours for unreinforced and geocell-reinforced 268 
subballast subjected to cyclic loading (frequency of f = 10 Hz; confining pressure of 3σ ′  = 10 269 
kPa) at a load cycle of N = 10,000. The numerical results indicate that the subballast 270 
experiences the highest vertical deformation of about SV = 8.45 mm under the footing surface 271 
(Fig. 5a), and this gradually decreases with the depth, where settlement at a depth of h = 200-272 
250 mm is about SV = 5.28 mm.  273 
 274 
However, placing a geocell mattress beneath the footing significantly decreased the 275 
magnitude of vertical settlement in the reinforced subballast, where settlement was only SV = 276 
2.57 mm for the reinforced specimen, compared to SV = 8.45 mm for the unreinforced 277 
specimen [Fig. 5(b)]. Maximum settlement occurred close to the edge of the specimen (i.e. 278 
the subballast material was outside the cellular mattress); but the vertical deformation of 279 
subballast at the centre of the geocell mattress was much less than unreinforced subballast, 280 
indicating the effectiveness of geocell in reducing the stress to the lower soil layer. 281 
 282 
Figs. 6(a & b) show a comparison between the vertical settlement (SV) of unreinforced and 283 
geocell-reinforced subballast obtained from the FEM model, and that measured in the 284 
laboratory at different confining pressures ( 3σ ′ = 10−20 kPa) and frequency of f = 10 Hz. The 285 
vertical deformation obtained from the FEM simulation agrees with the experimental data. 286 
Most of deformation in unreinforced subballast occurs in the early stage of loading (N ≤ 287 
5,000 cycles). This is because immediate settlement takes place during the initial number of 288 
cycles. The experimental and numerical results both confirm that the rate of settlement 289 
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diminishes to a controlled steady state after N ≥ 5,000 cycles. The numerical and 290 
experimental results also confirm that the magnitude of SV decreases by increasing 3σ ′ . Fig. 291 
6(a) shows that the axial settlement decreases from SV = 17.5 mm to SV = 6 mm by increasing 292 
the confining pressure from 3σ ′  = 10 kPa to 3σ ′  = 20 kPa. 293 
 294 
At a given confining pressure, the magnitude of SV in the reinforced assembly is much less 295 
than that of the unreinforced specimen [Fig. 6(b)]. In fact the experimental and numerical 296 
results confirm that the geocell has the highest impact on the specimens at lower confining 297 
pressures ( 3σ ′  ≤ 15 kPa). They also verify that at a given load cycle the magnitude of SV 298 
decreases by increasing 3σ ′  (i.e. at the load cycle N = 10,000, vertical settlement in the 299 
reinforced specimen was about SV = 12.5 mm and it was 6.0 mm when 3σ ′ = 10 kPa and 20 300 
kPa, respectively). A marginal reduction in axial settlement is observed in the reinforced 301 
specimen by increasing confining pressure of about 3σ ′  ≥ 20 kPa, where similar performance 302 
is observed in the unreinforced and reinforced specimens. 303 
 304 
4.2. Lateral spreading 305 
Fig. 7 shows the variations of lateral spreading (SL) with the depth of unreinforced subballast 306 
under a confining pressure of 3σ ′  = 10 kPa and a frequency of f = 10 Hz at different load 307 
cycles, that was obtained from the FE model and measured experimentally. At a given 308 
number of load cycles the lateral spreading of subballast increases with depth until it reaches 309 
a maximum displacement at a depth of about h = 250-300 mm, and then SL decreases at a 310 
lower depth (h < 250 mm). A similar trend also occurred at other load cycles, where the 311 




The beneficial effect of geocell can be highlighted in terms of minimizing lateral spreading 314 
SL, as shown in Figs. 8(a & b). Almost all lateral displacement within the geocell has been 315 
arrested [Fig. 8(a)]. This figure also shows that the degree of SL is markedly minimized for 316 
the subballast beneath the reinforced layer, indicating that the geocell can effectively improve 317 
the performance of the reinforced soil and the soil beneath this layer. 318 
 319 
Fig. 8(b) presents the variations of lateral spreading (SL) with the depth of reinforced 320 
subballast under a confining pressure of 3σ ′ = 10 kPa at different numbers of load cycles. As 321 
expected, the magnitude of lateral spreading increases as the number of cycles (N) increases 322 
and lateral spreading beneath the geocell-reinforced layer also increases. The value of SL 323 
reaches a maximum at a depth of approximately subballast height of h = 200-250 mm, where 324 
it is much lower than the unreinforced specimen. This figure shows that at a given number of 325 
load cycles there is almost no lateral spreading of subballast within the geocell due to the 326 
additional confinement provided by the geocell. 327 
 328 
The beneficial effects of the geocell mattress can best be interpreted by comparing the lateral 329 
displacement (SL) of unreinforced and reinforced subballast obtained from experimental and 330 
numerical modelling under different confining pressures ( 3σ ′  = 10−20 kPa) at f = 10 Hz 331 
[Figs. 9(a & b)]. A good agreement is observed between the laboratory and numerical results. 332 
Under a low confining pressure (i.e. 3σ ′  ≤ 15 kPa), unreinforced subballast experiences 333 
considerable lateral deformation, while the magnitude of SL decreases with an increase in 3σ ′334 
[Fig. 9(a)]. In general, reinforced assembly exhibits less lateral displacement than the 335 
unreinforced assembly at a given confining pressure and load cycle, while the specimen 336 
reinforced with the geocell performs better under a low confining pressure (i.e. 3σ ′  ≤ 15kPa). 337 
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Marginal improvement is observed in the reinforced specimen at a higher confining pressure 338 
of 3σ ′  ≥ 20 kPa [Fig. 9(b)]. 339 
 340 
Based on the results obtained from the tests and numerical modelling, settlement (Rs) and 341 
lateral (RL) deformation reduction factors for different confining pressures were introduced 342 
and provided in Table 3. The beneficial effect of the geocell to reduce the subballast 343 
deformation is clearly reflected by Rs and RL. Indeed the maximum beneficial effect of 344 
geocell reinforcement can be seen at a low confining pressure which is often observed in the 345 
field. At a low confining pressure ( 3σ ′  ≤ 10 kPa), geocell can reduce the deformation of 346 
subballast (approximately 25% and 35% reduction for settlement and lateral displacement, 347 
respectively), and this value significantly decreases as the confining pressure increases 348 
(approximately only 10% and 16% reduction for settlement and lateral displacement, 349 
respectively, for 3σ ′  = 30 kPa). 350 
 351 
4.3. Distribution of stress in the subballast  352 
 The deviator stress contours (q) of subballast reinforced with geocell under a confining 353 
pressure of 3σ ′  = 10 kPa and a frequency of f = 10 Hz during loading and unloading process (354 
maxσ = 166 kPa and minσ = 41 kPa) at a load cycle of N = 10,000 are presented in Figs. 10 (a 355 
& b). During the loading stage stress concentration occurs inside the geocell [i.e. point C in 356 
Fig. 10(a)], because the subballast is confined inside these pockets and prevented from 357 
displacement. The deviator stress is much less in the middle of the geocell mattress (point D-358 
in Figure 10a) compared to the edges. Also Fig. 10(a) highlights the impact of the testing 359 
condition (i.e. plane strain) during the simulation. Under loading, the granular material can 360 
spread laterally in the transverse direction. However, in the direction parallel to the track 361 
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(longitudinal direction), (points A & B), the lateral displacement is prevented (ε2=0), with a 362 
corresponding intermediate stress of σꞌ2 = 120-140 kPa, which is markedly greater than σꞌ3 363 
(25-45 kPa). This can be attributed to the impact of intermediate stress ( 2σ ′ ) and boundary 364 
condition in plane strain condition ( 2ε = 0). However, for the remainder of the specimen, the 365 
geocell mattress successfully captures the intensity of applied cyclic loading and less stress 366 
was transferred to the lower layer of soil, which again confirms the effectiveness of a geocell 367 
mattress, when it is placed beneath the footing.  368 
 369 
One of the benefits of numerical modelling is investigating the effect of intermediate stress (370 
2σ ′ ). The numerical results show that the magnitude of stress that developed in the direction 371 
of 2σ ′  [side EFGH in Fig. 10(b)] is much higher than 3σ ′ (about 2σ ′ = 60-80 kPa). This can be 372 
justified because of the boundary condition which has led to the accumulation of stress in this 373 
direction. With conventional design criteria, the degree of intermediate stress is usually 374 
assumed to be equal to the minor principal stress ( 2σ ′ = 3σ ′ ), but this simulation shows there is 375 
a remarkable dissimilarity between 3σ ′  and 2σ ′  when the experiment is carried out in plane 376 
strain condition, which is similar to field conditions. 377 
 378 
 4.4. Distribution of Stress in the geocell mattress 379 
The tensile strength of geocell is an important parameter, affecting the performance of 380 
geocell-reinforced subballast, where it is usually assumed to be constant in conventional 381 
design practices (Indraratna et al. 2015; Leshchinsky and Ling 2013b). However, the results 382 
obtained from numerical modelling indicate  that during cyclic loading, the mobilized tensile 383 
stress of geocell changes considerably at the loading and unloading stages, where there are 384 
maximum and minimum tensile stresses at the loading and unloading stages respectively 385 
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[Figs. 11(a &b)]. Figure 11(a) shows that during the loading stage, maximum tensile stress is 386 
mobilized in the geocell due to preventing the infill subballast from excessive lateral 387 
spreading. The middle of the geocell strip (e.g. point A) in the direction parallel to the minor 388 
principal stress ( 3σ ′ ) has experienced the highest degree of mobilized tensile stress. Figure 389 
11(a) also shows that minimum tensile stress occurs in the direction parallel to the 390 
intermediate principal stress 2σ ′  (e.g. point C), where the geocell mattress is not allowed to 391 
move in this direction (i.e. parallel to the sleepers). This study verifies that stress over the 392 
geocell strip is distributed non-uniformly across the geocell where the mobilized tensile 393 
stresses in the middle pocket (Point B) are considerably less than those in the surrounding 394 
pockets. Compared to the loading stage, the mobilized tensile stress in the geocell during the 395 
unloading stage is also non-uniform, although the observed magnitude is much lower, as 396 
shown in Fig. 11(b). This study shows that the improved performance of geocell-reinforced 397 
subballast is controlled mostly by the mobilized tensile stress of the reinforcement where the 398 
maximum mobilized tensile stress is much less than the ultimate tensile strength of the 399 
geocell. 400 
 401 
The influence of confining pressure on the mobilized tensile stress in the geocell was also 402 
investigated by comparing the mobilized tensile stress at a corresponding confining pressure 403 
of 3σ ′ = 5−30 kPa. Fig. 12 shows that the mobilized tensile stress reaches its highest 404 
magnitude at the lowest confining pressure ( 3σ ′  = 5 kPa) and decreases significantly as 3σ ′  405 
increases (i.e. geocell mobilized a tensile stress of around 2.5 MPa and 0.5 MPa under a 406 
confining pressure of 3σ ′ =5 kPa and 30 kPa, respectively). This observation confirms the fact 407 
that the beneficial effect of geocell is mobilized under the low confining pressure often seen 408 




5. Practical implications 411 
The influence of subballast stiffness on the behaviour of geocell-reinforced subballast was 412 
investigated by comparing the lateral spreading and mobilized tensile strength of geocell. Fig. 413 
13(a) shows the tensile stress mobilized in the geocell (Egeocell = 0.3 GPa) and lateral 414 
spreading (SL) in a reinforced specimen with subballast of different compressive strengths (4 415 
MPa ≤ Esubballast ≤ 40 MPa) during the loading stage. It is observed that the maximum 416 
mobilized tensile stress occurs on the subballast with the lowest degree of stiffness (Esubballast 417 
= 4 MPa). This is because the infill soil becomes stiffer by transferring the cyclic load as 418 
hoop stress (mobilizes tensile stress) to the geocell, where lowering the stiffness of the infill 419 
materials enables a greater hoop stress in the geocell. As expected, lateral spreading 420 
decreases significantly as the stiffness of the subballast is increased. 421 
 422 
The effect of the subballast strength and stiffness of geocell can also be evaluated by 423 
comparing the reduction factor (RL) of lateral spreading in reinforced subballast. Figure 13(b) 424 
shows the magnitude of RL for geocell with different stiffness and subballast strength under 425 
3σ ′ = 30 kPa and at N = 10,000 cycles. As shown by Fig. 13(b), for different subballast 426 
stiffness (Esubballast), the value of RL was varied between 32 ≤ RL ≤ 20 %. The maximum value 427 
of RL > 30 % occurred at Esubballast ≤ 10 MPa. In addition, for the soil with relatively higher 428 
strength, RL = 20 % could still be achieved. 429 
 430 
The reinforced specimen exhibited a wider range of RL that corresponded to variations in the 431 
stiffness of geocell (Egeocell), where the value of RL varied from 30% up to about 75%, 432 
depending on the stiffness of geocell used. These results indicate the effectiveness of cellular 433 
confinement, where a larger RL occurs in the geocell with a higher stiffness. One practical 434 
implication of this study is that the rail industry can continue to use subballast of relatively 435 
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low compressive strength that can be improved by geocell, while still ensuring an acceptable 436 
performance at a lower manufacturing cost. Moreover in the absence of high-strength 437 
granular materials, the numerical simulations presented in this study can be used in the 438 
preliminary design of track substructure where a wide range of granular materials and geocell 439 
mattresses with different strengths and stiffness can be considered. 440 
 441 
6. Parametric study 442 
6.1. Strength of the Subballast 443 
Since the supply of aggregates with high strength is limited, the use of granular materials 444 
with low strength in combination with the geosynthetic reinforcement is inevitable. Perhaps 445 
the greatest advantage of numerical analysing is that it provides an insight into the behaviour 446 
of specimens with different properties. By taking advantage of this, a model of geocell-447 
reinforced subballast with a wide range of stiffnesses (4 MPa ≤ Esubballast ≤ 40 MPa) was 448 
simulated to evaluate the performance of geocell on the subballast having varying stiffnesses. 449 
A range of stiffnesses (4 MPa ≤ Esubballast ≤ 40 MPa) was selected to represent soft soils to the 450 
very stiff aggregates commonly used as subballast materials. The results showed that an 451 
improvement in the behaviour of reinforced subballast decreased as the stiffness of subballast 452 
increased, which is in agreement with the previous study (Biswas et al. 2013). Fig. 14(a) 453 
shows that the lateral displacement of unreinforced subballast decreases as the subballast 454 
stiffness increases, while a specimen with very low strength experiences significant lateral 455 
displacement (i.e. SL = 7.50 mm for Esubballast = 4 MPa compared to SL = 1.50 mm for Esubballast 456 
= 40 MPa). This figure also shows that regardless of the strength of the subballast, maximum 457 
lateral spreading occurs at the depth of h = 250-300 mm. Nevertheless, in the reinforced 458 
specimen, the inclusion of geocell decreased lateral spreading markedly when the subballast 459 
had relatively low stiffness (i.e. Esubballast ≤ 10 MPa) [Fig. 14(b)]. The presence of the geocell 460 
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mattress makes compaction to high levels of Relative Density (> 95%) quite difficult, and 461 
therefore the current material with a bulk unit weight of 20.5 kN/m3 (approx. dry unit weight 462 
of 18.5 kN/m3, optimum moisture content = 11%) cannot be considered as a highly dense 463 
subballast, but its dilation angle of 9° (Table 2) still provides sufficient dilation to induce 464 
geocell hoop stress and the associated confining pressure. Marginal improvement was 465 
observed in the reinforced subballast compared to the unreinforced ballast at a higher 466 
modulus (30 MPa ≤ Esubballast). 467 
 468 
6.2. Stiffness of Geocell 469 
The variety of polymeric material available, such as high-density polyethylene (HDPE) or 470 
novel polymeric alloy (NPA), made it necessary to investigate the influence of geocell 471 
stiffness on the performance of a reinforced subballast assembly. This was investigated by 472 
simulating geocell with a range of stiffness that varied from 0.3 GPa to 5 GPa to represent a 473 
variety of materials including HDPE, NPA, and structural steel. The lateral spreading of 474 
subballast under geocell with varying stiffness is presented in Fig. 15. As geocell stiffness 475 
increases the lateral displacement of subballast decreases in every case, while unreinforced 476 
subballast assembly exhibits the highest lateral displacement. The degree of lateral spreading 477 
of soil beneath the reinforced layer is reduced further by increasing the stiffness of geocell, 478 
indicating the effectiveness of the geocell on the lower soil layer. This figure also shows that 479 
geocell with a relatively low stiffness Egeocell = 0.3 GPa performs very well compared to the 480 
geocell with a higher stiffness. 481 
 482 
7. Model validation 483 
By using the proposed analytical model (Indraratna et al. 2015), the model results compared 484 
well with different sets of experimental data reported elsewhere (Leshchinsky and Ling 485 
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2013a). The model was validated numerically (Fig. 16) to demonstrate that the current FE 486 
model is a reasonable representation of an actual specimen of subballast reinforced with 487 
geocell, where the settlements and lateral displacements obtained from the model were 488 
compared with those measured experimentally. A model test with a truncated square pyramid 489 
with dimensions of 1524 mm × 1524 mm × 546 mm was simulated. For the purpose of 490 
validation purpose, a hexagonal shaped geocell mattress with a single layer 200 mm thick 491 
was developed. Cyclic loading amplitudes of 35 kPa ≤ q ≤ 175 kPa and 70 kPa ≤ q ≤ 350 kPa 492 
were used for the unreinforced and reinforced models, respectively. The cyclic load was 493 
applied on the top surface of the model via a rigid plate (plate size: 356 mm long × 356 mm 494 
width × 25 mm thick) under N = 50,000 cycles. A FE model with 12661 elements (C3D8R) 495 
and 21038 nodes was used for the analysis. An elasto-plastic material with non-associative 496 
behaviour was used to model the subballast, where the internal friction angle and dilatancy 497 
angle of granular material were chosen as 45 and 15 degrees, respectively. The base of the 498 
model was restricted from any displacement in order to model a concrete foundation as 499 
conducted in the laboratory; but each side was free to move to simulate field conditions. The 500 
model was then validated by the experimental and numerical data presented by Leshchinsky 501 
and Ling (2013a). 502 
 503 
Figs. 17(a, b & c) present comparisons of the predicted and measured vertical and lateral 504 
displacements of unreinforced and geocell-reinforced granular material, where a reasonably 505 
good agreement is found between the FEM predictions and the experimental results. The 506 
unreinforced model shows a vertical displacement of about SV = 120 mm, while only around 507 
SV = 60 mm was predicted for the reinforced specimen. Compared to the model prediction 508 
presented by Leshchinsky and Ling (2013a), the current model provides better predictions, 509 
where most of vertical settlements occur within a range of N = 10,000 load cycles [Fig. 510 
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17(a)]. This figure also shows that the current FE analysis accurately captures the decreasing 511 
rate of settlement as the number of load cycles is increased. By using a hexagonal shaped 512 
geocell mattress that is similar to the actual shape used in the laboratory, the model is able to 513 
capture more realistic mobilized tensile stress in the geocell strips. 514 
 515 
Lateral displacements at the top and bottom of the model test are captured in the simulation 516 
and compared with the published data, as shown in Figs. 17(b & c). In general, the current FE 517 
simulations match well with the experimental data, apart from the initial modulus predicted 518 
for the reinforced models that is slightly greater than that for the models tested by 519 
Leshchinsky and Ling (2013a). This can be attributed to differences in boundary conditions 520 
between the FEM simulation and laboratory observations as well as the particle degradation 521 
not considered in the current analysis. Although there are some disparities between the FEM 522 
simulations and laboratory data, the proposed FEM model was able to model the advantages 523 
attained from using geocell reinforcement, including lower deformation and greater strength 524 
and stiffness. 525 
 526 
8. Conclusion 527 
The behaviour of subballast reinforced with geocell subjected to cyclic loading was 528 
investigated using a series of large-scale prismoidal triaxial apparatus and numerical 529 
modelling. The tests and numerical simulations were carried out to mimic the actual track 530 
conditions. The model was compared with the experimental data and a reasonably good 531 
agreement was achieved. The numerical results were also validated by the published data. 532 
The proposed FEM model can be effectively used to predict the performance of subballast 533 
reinforced with a geocell mattress. A parametric study was also conducted to investigate the 534 
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effects of subballast and geocell stiffness on the tensile strength mobilized in geocell 535 
mattress. The following conclusions can be drawn from this study: 536 
1) The numerical results agree well with the experimental results, highlighting the 537 
effectiveness of ‘mobilised additional confinement’ under cyclic loading, attributed to 538 
the inclusion of geocell, whose hoop stress related confining pressure increases with the 539 
number of cycles. The test results indicate that the current three-dimensional FE 540 
modelling can successfully simulate vertical and lateral deformation of geocell-541 
reinforced subballast under cyclic loading at varying confining pressure over time. At a 542 
given confining pressure, deformation in the reinforced assembly was considerably less 543 
than that in the unreinforced subballast. The numerical and experimental results also 544 
confirmed that at a given load cycle the deformation decreased as the confining 545 
pressure increased. The observed benefit of geocell was maximum at the lowest 546 
confining pressure; after which it decreased as the confining pressure increased and 547 
became marginal when the confining pressure was 30 kPa. 548 
2) Unlike the conventional design practices which consider a uniform distribution of 549 
stress over the geocell, this study epitomized that the mobilized tensile stress was 550 
distributed non-uniformly across the geocell, where the maximum mobilized tensile 551 
stress occurred in the direction parallel to the intermediate principal stress during the 552 
loading stage. Also it was confirmed that under cyclic loading, the tensile stress varied 553 
during loading and unloading cycles, and the ultimate tensile stress of a geocell 554 
mattress was never reached during the loading period of this study, i.e. after 10000 555 
cycles. 556 
3) The cellular confinement induced by the geocell mattress was effective in reducing 557 
the lateral spreading of the infilled material even when the granular mass confined 558 
within the geocells was not of good quality rockfill with very apparently high friction 559 
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angles (e.g. highly angular quarried aggregates with internal friction angles often 560 
exceeding 50 degrees). This implies that marginal materials can be used as subballast 561 
when improved by the use of geocells, and this is clearly beneficial in railway practice 562 
where high quality aggregates may not be available locally. 563 
4) A parametric study was carried out to evaluate the effect of subballast and geocell 564 
stiffness on performance of a composite system. It was found that in reinforced 565 
specimen lateral displacement was reduced further when the stiffness of subballast had 566 
lower stiffness (i.e. Esubballast ≤ 10 MPa), indicating that subballast with low 567 
compressive strength could perform well with a geocell inclusion. Furthermore, an 568 
increase in the geocell stiffness reduced the deformation in the subballast, while a 569 
stiffer geocell exhibited less lateral displacement. This study would encourage 570 
practising engineers to use a subballast of relatively low compressive strength improved 571 
with geocell, while still ensuring an acceptable performance at a lower manufacturing 572 
cost. 573 
5) Maximum vertical displacement (SV) occurred directly under the footing where the 574 
cyclic loading was at its maximum. The intensity of SV decreased at a lower depth. The 575 
numerical results also showed that maximum lateral displacements in the unreinforced 576 
specimen occurred at a depth of about h = 250-300 mm, and then SL decreases at a 577 
lower depth (h < 250 mm). As a result, utilizing geocell in the subballast layer will 578 
reduce excessive axial and lateral deformation. 579 
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 587 
List of symbols 588 
b = distance between two adjacent sleepers(mm) 
Cc = coefficient of curvature 
rC  = apparent cohesion (kPa) 
Cu = uniformity coefficient 
D10 = diameter for 10% fine by weight (mm) 
D20 = diameter for 20% fine by weight (mm) 
D30 = diameter for 30% fine by weight (mm) 
D50 = average particle size (mm) 
D60 = diameter for 60% fine by weight (mm) 
Dmax = maximum particle size (mm) 
Dmin = minimum particle size (mm) 
DR = relative density (%) 
Dr = depth of reinforcement (mm) 
E = elastic modulus (MPa) 
Esubballast = subballast strength (MPa) 
Egeocell = geocell stiffness (GPa) 
f = frequency (Hz) 
h = specimen height (mm) 
δ = interface coefficient 
kσ = normalized confinement ratio 
RL = lateral spreading reduction factor (%) 
Rs = settlement reduction factor (%) 
L = total length of sleeper (mm) 
le = effective length of sleeper supporting the load (mm) 
M = geocell modulus (kN/m) 
Mm = mobilized geocell modulus (kN/m) 
N = number of cycles 
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qmax = maximum amplitude (kPa) 
qmean = mean load (kN) 
qmin = minimum amplitude  (kPa) 
SL = lateral spreading (mm) 
SV = vertical deformation (mm) 
dγ  = dry unit weight of the soil (kN/m3) 
δ = interface friction angle of subballast-geosynthetic (degree) 
2ε  = lateral strain parallel to intermediate principal stress (%)  
3ε  = lateral strains parallel to minor principal stress (%) 
vε  = volumetric strain (%) 
p
vε  = plastic volumetric strain (%) 
gυ  = Poisson’s ratio of geocell 
1σ  = major principal stress (kPa) 
2σ ′  = intermediate principal stress (kPa) 
3σ ′  = minor principal stress (kPa) 
3σ ′∆  = additional confining pressure (kPa) 
σcyc = cyclic deviator stress  (kPa) 
σmax = maximum stress (kPa) 
σmean = mean stress (kPa) 
σmin = minimum stress (kPa) 
ϕ = internal friction angle of unreinforced soil (degree) 
ѱ = dilation angle (degrees) 
 589 
  590 
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Appendix: Calculation of applied stress on the subballast 591 
For calculating the maximum contact pressure on the top of subballast surface, a nominal 592 
axle load of 294 kN (30 tons) was assumed, and this is equivalent to a vertical pressure of 593 
147 kN. The design wheel load can then be calculated using (Li and Selig 1998): 594 
                                                                 sd PP ⋅= φ                                                              (1) 595 
where, Ps is the static wheel load (kN), Pd is the design wheel load (kN), and φ is the impact 596 
factor (dimensionless) given as (Indraratna et al. 2011): 597 
                                                          10052.0 +=
WD
Vφ                                                      (2) 598 
By substituting train speed (v) as 73 km/h (corresponding to f =10 Hz), and wheel diameter 599 
Dw as 0.97 m, the design wheel load Pd was determined to be about 200-208 kN. Considering 600 
50% of pressure transmitted to the adjacent sleepers (varies from 50-60% as shown by Atalar 601 
et al., 2001), the rail seat load (qr) can be obtained about 100-104 kN. Assuming a uniform 602 
distribution of stress, the contact pressure at the ballast-sleeper interface (Pa) can then be 603 
computed as (Jeffs and Tew 1991):  604 
                                                              2FLB
qP ra ×
=                                                             (3) 605 
where, F2 is a factor depending on track maintenance and sleeper type (F2 = 1), B is the width 606 
of sleeper (B = 260 mm), l is the total length of sleeper (l = 2400 mm) and L is the effective 607 
length of sleeper. By assuming the effective length of sleeper as one third of the total sleeper 608 
length (Jeffs and Tew 1991), Eq [3] becomes:   609 










=                                                           (4) 610 
According to Japanese Track Standards, considering L as 2d, where, d is distance between the 611 
rail head center and edge of the sleeper (d = 500 mm), following equation can be used to 612 
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dB
qP ra =                                                             (5)  615 
Considering Eqns. [3], [4] and [5], a maximum of Pa (i.e. Pa = 492 kPa) was considered. 616 
Considering the sleeper area (L = 800 mm, B = 260 mm) and a ballast depth of 300 mm, the 617 
stress on top of subballast can then be calculated of about 160-170 kPa using Boussinesq 618 
elastic theory. A minimum amplitude (σmin) of 41 kPa was selected to represent in situ 619 
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1) The geometry of the geocell 
has a significant impact on the 
load carrying capacity and 
reducing the settlement of the 
soil bed.  
2)The results revealed that 
having three layers of planar 




only, hence cannot 
interpret cyclic 
loading behaviour. 
















1) Locally available material 
can be used as infill material in 
the absence of granular 
material.  
2) Performance of the 
reinforced embankment was 
significantly improved by 
increasing the aspect ratios 





(i.e soil and geocell 











investigation on the 
bearing capacity of 
square footings. 
1) Geocell reinforcement was 
found to be more effective than 
other types of reinforcement.  
2)  Numerical results confirmed 
that by transferring the footing 
load to deeper depth, stress and 
strain underneath of the footing 
will be markedly reduced. 
1) Monotonic 
loading  
2) The mobilised 
stress over the 















1) Providing geocell 
reinforcement significantly 
reduced vertical deformation, 
particularly for materail with 
lower quality.  
2) Geocell reinforcement 
successfully arrested lateral 
spreading along the slope of the 
railroad substructure.   
1) Confining 
pressure assumed 
constant during the 
entire simulation. 
2) Diamond shaped 
geocell pockets, 
which are different 
















roads (FLAC 3D). 
1) A three-dimensional 
mechanistic-empirical (M-E) 
model for geocell-reinforced 
unpaved roads was developed. 
2) A compaction-induced 
residual stress in the base layer 
was determined using the 
hysteretic k0- loading model.  
1) Confining 
pressure remains 
constant during the 
entire simulation. 
2) Diamond shaped 
geocell pockets for 
simplicity 














1) Tensile strength had a 
siginificant impact on footing 
strength, compared to other 
reinforcement properties. 
2) Performance of the 
foundation was improved 
further by proving additional 












of ballast and 
geogrid interaction 
in pullout testing 
(DEM). 
1) It was found that pullout 
force to be greater for the 
clumps than for the spheres. 
2) Much more localised 
deformation of the geogrid 
observed as result of stronger 
grid-particle interlock. 












under cyclic loading 
(DEM). 
1) settlement of ballast 
decreased significantly due to 
geogrid.  
2) The optimum location for 
the goegrid was found to be at 
100mm above the base 
(confined test) and 50mm from 
the subballast (unconfined test).  
1) Geocells were not 
used. 
2) Limited number 
of cycles. 
Chen et al. 
(2012) 








1) Bearing capacity of the 
foundation increased 
significantly due to geocell 
reinforcement.  
2) Maximum displacement and 
tension were found to be close 
to the bottom of the geocell 
pocket.  
1) Study is limited 





Han et al. 
(2008) 





mixture and geocell 
under repeated 
loading. 
1)The optimum embedded 
depth of first layer of geocell 
and vertical spacing of geocell 
layers were about  0.2 times of 
loading plate diameter.  
2) The maximum and plastic 
deformation increased by 
increasig number of load 
cycles. 
1) Limited number 
of cycles. 






















1,955 0.3 4 − 40 2 9 39 
Geocell 
Density (kg/m3) Poisson’s Ratio, ν Secant modulus (3% strain), Egeocell 
(GPa) 
950 0.3 0.3 − 5 
Plate 
Density (kg/m3) Poisson’s Ratio, ν Elastic modulus, Eplate (GPa) 
2,000 0.3 500 
Subballast-geocell interface parameters  
Eslip tolerance Friction coefficient, δ   














Table 3. A summary of IL and IS obtained from the numerical results. 
Factor f 
(Hz) 
Confining pressure, 3σ ′  (kPa) 
5 10 15 20 30 












10 31.25 25 14.55 12.67 10.5 
 








































Lateral pressure cell, ( 3σ ′ ) 
 
Axial loading, 1σ  
 
3σ ′  
2σ ′  
Prismoidal triaxial 
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  879 
(b) 880 
Figure 3. (a) Typical boundary condition for unit cell and (b) vertical settlement predicted by 881 



























Selected for this study
(a) : 976     elements
(b) : 4932   elements
(c) : 9380   elements
(d) : 30680 elements
(e) : 58040 elements









 Displacement in the direction  








































Figure 5. FEM predicted vertical settlements: (a) unreinforced; and (b) geocell-reinforced 900 
subballast. 901 
Vertical settlement, SV (m) 






(b)  905 
Figure 6. Vertical deformation of (a) unreinforced and (b) geocell- reinforced subballast 906 
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              (b) 
Figure 8. Typical lateral deformation profile of reinforced geocell-reinforced subballast (a) 929 
predicted by FEM and (b) at different depth and number of cycles. 930 
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Figure 9. Lateral displacement of (a) unreinforced and (b) reinforced subballast again number 935 
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Figure 10. Stress distribution during (a) loading and (b) unloading of unit cell in a geocell-946 
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 956 
                                                                    (b) 957 
Figure 11. Tensile stress mobilized in geocell mattress (a) loading and (b) unloading stage 958 
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Figure 12. Mobilized tensile stress at the geocell in reinforced subballast at different 964 
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Figure 13. (a) Mobilized tensile stress at the geocell in reinforced subballast with different 987 
stiffness and (b) reduction factor of lateral spreading for geocell-reinforced subballast. 988 
 989 
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Figure 14. Lateral spreading of (a) unreinforced and (b) geocell-reinforced subballast at 991 
different strengths. 992 
Subballast
0 2 4 6 8 10
Lateral spreading, SL (mm)
0 0.5 1 1.5 2 2.5

























E = 4 MPa
E = 7 MPa
E = 10 MPa
E = 15 MPa
E = 20 MPa
E = 30 MPa
E = 40 MPa
N = 10,000 cycles
Geocell+
Subballast
0 2 4 6 8 10
Lateral spreading, SL (mm)
0 0.5 1 1.5 2 2.5

























E = 4 MPa
E = 7 MPa
E = 10 MPa
E = 15 MPa
E = 20 MPa
E = 30 MPa
E = 40 MPa






       
 
Figure 15.Comparison of lateral spreading of unreinforced and geocell-reinforced subballast 993 
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Figure 17. Model prediction compared with experiment and numerical results of (a) vertical 1020 
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